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Thin Polymer Film Force Spectroscopy: Single Chain Pull-out and 
Desorption 
Jake McClements* and Vasileios Koutsos* 
School of Engineering, Institute for Materials and Processes, The University of Edinburgh, Sanderson Building, 
King’s Buildings, Edinburgh EH9 3FB, United Kingdom 
ABSTRACT: Atomic force microscopy (AFM) was utilized to investigate the force associated with chain pull-out and single 
chain desorption of poly(styrene-co-butadiene) random copolymer thin films on mica, silicon and graphite substrates. 
Chain pull-out events were common and produced a force of 20 - 25 pN. The polymer desorption force was strongest on 
the graphite substrate and weakest on the mica, which agreed with the calculated work of adhesion for each system and 
the substrate hydrophobicity. Furthermore, it was demonstrated that there was a systematic order to when each of these 
phenomena occurred during the tip retraction from the surface, which provided information about the structure of the thin 
films.
 Understanding polymer adhesion at the molecular level 
is vitally important for fundamental polymer science,1 but 
also to many applications such as advanced composite ma-
terials, 2–4 polymer coatings5,6 and adhesives.7 In all cases, 
there is a critical interface where individual chains are in 
contact with a rigid substrate. AFM can be used to perform 
single molecule force spectroscopy (SMFS) experiments 
which can investigate the forces associated with single pol-
ymer chain adhesion and desorption at the nanoscale.8,9  
Despite the wide array of SMFS experiments carried out 
on polymers in recent years,10–12 the extraction of chains 
from a thin polymer film where there exists a competition 
between chain pull-out and desorption events remains un-
explored. This is an important area for many synthetic pol-
ymers as such molecular phenomena underpin their adhe-
sive properties.6,13,14 With the growing usage of  
carbon-based particles for advanced polymer compo-
sites,4,15,16 this is particularly important for polymer films 
formed on carbon substrates, such as graphite.  
In this paper, AFM SMFS was employed to investigate 
the specific interactions between poly(styrene-co-butadi-
ene) random copolymer (SBR) chains and mica, silicon and 
graphite substrates. SBR is used in many applications, such 
as composite materials and adhesives.17 For example, car-
bon black is regularly combined with SBR in the manufac-
ture of automotive tires. A blank AFM tip was used to pick 
up and pull polymer chains from thin SBR films on each 
substrate and the resulting force-separation profiles were 
analyzed to provide quantitative information. The results 
identify the force associated with single polymer chain de-
sorption from each substrate and the silicon AFM tip, as 
well as, the force associated with single chain pull-out from 
the SBR films. Furthermore, a systematic order to when 
each of these phenomena occurred during retraction from 
the surface was identified.   
All experiments were carried out using a SBR random co-
polymer (Michelin) with a molecular weight of 355 kg/mol. 
The SBR was monodisperse (Đ = 1.02), with a styrene-bu-
tadiene ratio of 25.9:74.1 and a 𝑇𝑔 of -35.4 °C. Mica, silicon 
and graphite substrates were manually dip-coated (60 mi-
nute incubation) in toluene/SBR solutions (6.95 mg/ml) to 
create thin polymer films. The mica and graphite sub-
strates were cleaved with tape immediately before dip-
coating. The silicon substrate was washed with acetone 
and ethanol. After removal from the solution, each sub-
strate was dried with nitrogen for 2 minutes and left to dry 
for approximately 16 hours before use. 
All AFM imaging and force spectroscopy was carried out 
using a Bruker Multimode/Nanoscope IIIa under ambient 
conditions. Details of the AFM imaging can be found in 
previous articles.18–21 In the force spectroscopy experi-
ments, Bruker MSNL-10 tips which were composed of sili-
con with a thin native oxide layer and had spring constants 
of 0.01 N/m were used. Similarly to the silicon substrates, 
the AFM tips were washed in acetone and ethanol before 
use. The approach/retract velocity of the AFM tips during 
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the experiments was 1.5 µm/s. The polymer films were 
characterized using AFM imaging (see Supporting Infor-
mation). The SBR film thicknesses (measured using AFM) 
were estimated at 31 ± 9 nm, 39 ± 9 nm and 27 ± 8 nm on 
the mica, silicon and graphite substrates, respectively. 
Contact angle goniometry was performed using a KRÜSS 
Drop Shape Analyzer DSA30S at ambient temperatures.   
During the experiments, each approach/retract cycle of 
the AFM tip produced a force-separation profile (Figure 1). 
The profiles were similar for the experiments on each sub-
strate and exhibited an unspecific-interaction adhesive 
minimum at low tip-sample separations. However, as tip-
sample separation increased, fewer polymer chains re-
mained bridged between the tip and surface, which al-
lowed for single chain events to be observed. These events 
were characterized by force plateaus and steps which are 
associated with chain desorption from the tip/substrates 















Figure 1.    (a) Typical force-separation profile for SBR on the 
silicon substrate. (b) Zoomed section which shows force steps 
and plateaus. The zoomed area is represented by the blue box 
in (a).  
 
Figure 2 presents histograms which show the distribu-
tions of step force values on each substrate. All histograms 
have a number of distinct peaks which represent the forces 
associated with the three different phenomena which oc-
curred. These are polymer desorption from the tip, poly-
mer desorption from each substrate and chain pull-out. All 
the histograms have two distinct common features: a main 
peak at 20 - 25 pN and a secondary peak at 55 - 60 pN. As 
these peaks are in the same (force) position for each histo-
gram, they cannot represent desorption from the three 
substrates as they have distinctly different surface proper-
ties. Therefore, they must represent the forces associated 
with chain pull-out and desorption from the tip as these 





































Figure 2. Histograms showing the step force distributions for 
each substrate: (a) mica, (b) silicon, (c) graphite.  
 
The force associated with chain pull-out can be esti-
mated using (see also Supporting Information for details 
on chain pull-out forces):22–24  
 
 𝐹𝑝𝑢𝑙𝑙−𝑜𝑢𝑡 = 2𝜋𝑟𝛾 (1) 
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where 𝑟 is the chain radius (estimated at 0.15 nm), and 𝛾 is 
the surface energy of the polymer (39 mJ/m2 and 31 mJ/m2 
for polystyrene and polybutadiene, respectively).22,25–27 
Taking into account the polymer’s styrene-butadiene ratio, 
the force associated with chain pull-out was estimated at 
31 pN which is close to the value of the primary peak in 
each histogram. Furthermore, previous AFM investiga-
tions estimated the force associated with chain pull-out to 
generally range from 15 to 40 pN.6,23,27,28  Therefore, the 
peak at 20 – 25 pN can be associated with chain pull-out 
and relevant polymer-polymer interactions. Consequently, 
the other common peak in each histogram at 55 - 60 pN 
represents the force associated with polymer desorption 
from the tip. It was calculated that the force contribution 
due to single chain friction was negligible and therefore, 
could be omitted from the results (see Supporting Infor-
mation). 
The histograms for the silicon and graphite substrates 
(Figures 2b and 2c) also have a third distinct peak with a 
larger force value (80 - 85 pN and 90 - 95 pN for the silicon 
and graphite, respectively). As these peaks have different 
force values on the silicon and graphite, they likely repre-
sent polymer desorption from each substrate. Further-
more, these peaks have low relative frequencies which is 
expected as desorption from the strongly adsorbing sub-
strates should have the lowest probability of occurring. 
Whilst it is clear that the peaks at 80 - 85 pN and 90 - 95 
pN on the silicon and graphite histograms are related to 
substrate desorption, it is an oversimplification to present 
these values as the actual polymer desorption forces from 
each substrate. This is because when a chain segment is 
desorbed from a substrate surface, the chain is still embed-
ded within the polymer film and experiences polymer/pol-
ymer interactions until it is completely removed from the 
film. As substrate desorption and chain pull-out occur sim-
ultaneously for these polymers, they are represented by a 
single step. Therefore, the respective peaks at 80 - 85 pN 
and 90 - 95 pN in the silicon and graphite histograms ac-
tually represent the force associated with substrate desorp-
tion, in addition to, chain pull-out. Thus, to obtain an ac-
curate force for the substrate desorption, the chain pull-
out (20 - 25 pN) must be subtracted from the force of the 
peaks. Consequently, the true desorption forces are esti-
mated at 55 - 65 pN and 65 - 75 pN for the silicon and 
graphite substrates, respectively.  
The forces associated with polymer desorption from the 
silicon tip and silicon substrate are 55 - 60 pN and 55 - 65 
pN, respectively. The force values are very similar which is 
expected as both the tip and substrate are composed of sil-
icon with a thin oxide layer. The slightly larger desorption 
force for the silicon substrate is likely due to a small differ-
ence in the oxide layer thickness on each surface, or to the 
large curvature of the tip which can lead to reduced inter-
facial contact with the SBR chains.29,30  
We would expect that desorption from the tip (55 - 60 
pN) would be most prevalent on the strongly adsorbing 
substrates. However, this is not the case, as the peak at 55 
- 60 pN has the largest relative frequency on the weakly 
adsorbing mica substrate (0.20 versus 0.15). This suggests 
that this peak in the mica histogram (Figure 2a) represents 
the force associated with two separate phenomena with 
similar force values which form a single peak with a larger 
relative frequency. Consequently, it appears that the peak 
at 55 - 60 pN actually represents the force associated with 
desorption from the tip, as well as, substrate desorp-
tion/chain pull-out. Therefore, after the subtraction of 20 - 
25 pN due to polymer-polymer interactions, the desorption 
force on the mica is calculated as 30 - 40 pN. Table 1 pre-
sents the force values of each interaction measured during 
the experiments.   
 
Table 1.    The force values of each interaction. 
 
On the histogram for the mica (Figure 2a), there is also 
a smaller peak with a value of 35 - 40 pN. Interestingly, the 
peak has a very similar value to the force of SBR desorption 
from the mica substrate (30 - 40 pN). This suggests that the 
peak represents a phenomenon where the SBR chains are 
desorbed from the substrate, but are not completely re-
moved from the film. This is more likely to occur when the 
polymer chains have long loop and tail conformations next 
to trains, i.e. adsorbed chain segments.31,32 The desorption 
of a train segment will result in a step with a value equal to 
the force associated with substrate desorption, as long as, 
the rest of the polymer chain is still adsorbed to the sub-
strate (by other segments) and at the same time still em-
bedded within the film. Such desorption of individual train 
segments is fairly common on the mica, but not on the sil-
icon or graphite. This is because on weakly adsorbing sub-
strates (mica), the chains form a greater number of loop 
and tail conformations.31 This demonstrates the capability 
of AFM force spectroscopy to reveal important information 
regarding the conformational properties of polymer chains 
within thin films. 
The ranking of polymer desorption force values on the 
mica and graphite agree with our previous AFM imaging 
observations.18,19 In the experiments, the SBR weakly ad-
sorbed to the mica and formed spherical-cap shaped 
nanodroplets with large contact angles.18 Whereas on the 
graphite, the polymer was more strongly adsorbed and 
formed structures with lower contact angles, such as net-
works and nanoribbons.19 The work of adhesion between 
Interaction Force (pN) 
SBR - SBR 20 - 25 
SBR - Mica 30 - 40 
SBR - Silicon Tip 55 - 60 
SBR - Silicon 55 - 65 
SBR - Graphite 65 - 75 
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the SBR films and each substrate is also calculated and 
compared with the desorption force values (Table 2). In or-
der to calculate the work of adhesion, the interfacial energy 
(𝛾𝑖,𝑗) of each system was first calculated using the Owens 
and Wendt equation:33,34 
 
where 𝛾 is the total surface energy, 𝛾𝑝 is the polar compo-
nent of surface energy and 𝛾𝑑 is the dispersive component 
of surface energy of materials 𝑖 and 𝑗. The surface energy 
values were taken from the literature and are included in 
the Supporting Information.33,35–37 The work of adhesion 
(𝑊𝑎) between the SBR film and each substrate was esti-
mated using the following equation:38  
 
 
   The calculated work of adhesion was largest for the 
graphite and smallest for the mica (Table 2). These results 
correlate with the measured polymer desorption force of 
each substrate. Furthermore, the desorption force values 
also correlate to the water contact angles of each substrate 
which are < 5˚, 46˚ and 84 - 86˚ for the mica, silicon and 
graphite, respectively.39,40 The measured polymer desorp-
tion force was largest on the most hydrophobic substrate 
(graphite) and smallest on the least hydrophobic substrate 
(mica).   
 
 TABLE 2.   The polymer desorption force and work of 
adhesion of each substrate/system. 
 
The initial force steps in each profile generally have 
smaller magnitudes compared to the final force steps. This 
is clearly observed in Figure 3. This trend indicates that the 
initial force steps and final force steps represent different 






Figure 3.  A section of a typical force-separation profile for 
SBR on mica. The force steps at lower tip-sample separations 
(700 - 800 nm) have a smaller magnitude, whereas the force 
steps at higher tip-sample separations (1300 - 1500 nm) have a 
larger magnitude.        
 
 Figure 4 presents histograms which show the magni-
tude of the first force step (lower separations) and the final 
force step (higher separations) in the profiles for each sub-
strate. The histograms in Figures 4a, 4c and 4e show the 
distributions for the first force step on each substrate, and 
they all exhibit a main peak with a value of 20 - 25 pN. 
Therefore, this demonstrates that the first step in the pro-
files mainly represent the force associated with chain pull-
out. Figures 4b, 4d and 4f show the magnitude of the final 
force step in the profiles for each substrate. The histogram 
for the mica (Figure 4b) has a single distinct peak at 55 - 60 
pN with a high relative frequency. As aforementioned, this 
peak is associated with desorption from the tip, as well as, 
simultaneous desorption from the mica substrate/polymer 
film. The histograms for the silicon and graphite substrates 
(Figures 4d and 4f) each have two distinct peaks with lower 
relative frequencies. The peaks have values of 55 - 60 pN 
and 80 - 85 pN on the silicon, and 55 - 60 pN and 90 - 95 
pN on the graphite. The peaks at 55 - 60 pN represent pol-
ymer desorption from the tip, whereas the peaks with 
larger force values represent simultaneous chain desorp-



























Work of Adhesion  
(mJ/m2) 
Mica 30 - 40 58 
Silicon 55 - 65 62 























Figure 4.  Histograms showing the step force distributions for 
the first and final step in the force-separation profiles for each 
substrate: (a) mica - first step, (b) mica - final step, (c) silicon 
- first step, (d) silicon - final step, (e) graphite - first step, (f) 
graphite - final step. 
 
The results in Figure 4 demonstrate that there is a dis-
tinct order to when each phenomena typically occurs dur-
ing the tip retraction. The first force step represents chain 
pull-out, which likely occurs as polymer chains near the 
free thin film surface are not adsorbed to the substrate. In 
contrast, the final force steps appear to almost exclusively 
represent desorption from the tip/substrates. These force 
spectroscopy results provide an insight into the structure 
of the thin film; they imply two populations of chains: 1) a 
population of chains near the polymer film surface with al-
most no adsorbed segments on the substrate, (2) a popula-
tion of chains closer to the base of the film with a large 
proportion of their length adsorbed to the substrate. The 
existence of different populations of chains is highly de-
pendent on film thickness.41 Polymer chains can have dif-
ferent properties depending on where they are located 
within a thin film. For example, experimental and simula-
tion studies have demonstrated that the 𝑇𝑔 and elastic 
modulus of a polymer thin film can be larger at the base of 
a film where the chains are strongly anchored, compared 
to the film’s surface where the chains can move more 
freely.41–43 The existence of two populations of chains pro-
vides new insight into these phenomena. 
We have utilized AFM force spectroscopy to investigate 
single chain pull-out and substrate desorption in SBR thin 
films. Chain pull-out from the thin films produced a force 
of 20 – 25 pN and was the most common event. The force 
of polymer desorption from mica, silicon and graphite was 
found to be substrate dependent with values of 30 - 40 pN, 
55 - 65 pN and 65 - 75 pN, respectively. The polymer de-
sorption force was weakest on the mica, and strongest on 
the graphite which correlated with previous AFM imaging 
observations, the water contact angle of each substrate and 
the calculated work of adhesion for each system. We 
showed that usually the desorbed chains are also pulled 
out from the thin films and generally one has to account 
for the pull-out force in order to accurately calculate the 
desorption force. However, in the case of weakly adsorbed 
substrates such as mica, there are some chains with train 
sections which can be individually desorbed from the sub-
strate’s surface without the full chains being pulled out of 
the thin film. The polymer desorption force from the sili-
con AFM tip and silicon substrate were similar to one an-
other and the small deviation was likely due to differences 
in their native oxide layer thicknesses or to the large sur-
face curvature of the tip. The force spectroscopy results 
also demonstrated that there was a systematic order to 
when the different phenomena occurred during the tip re-
traction. The first force step in each profile generally rep-
resented chain pull-out, whereas the final force step typi-
cally represented polymer desorption from the sub-
strate/tip. These results provide useful insight regarding 
the structure of the thin films and how this influences ad-
hesion and desorption behavior at the nanoscale. 
 
ASSOCIATED CONTENT  
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Details of optimizing the experimental procedure, AFM im-
ages of SBR films on each substrate, calculations of the contri-
bution to adhesion by friction and surface energy values for 
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